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ABSTRACT 

The ph i losophy  beh ind  a new d e s i g n   o f  a p a s s i v e l y  
operat ing  hydrogen  f requency  s tandard will be descr ibed.  
Bas ica l l y   t he   hyd rogen   a toms   a re   s to red  i n  a convent ion-  
a l ,   c o a t e d   q u a r t z   b u l b ,   w h i c h   i s   c o n t a i n e d   i n  a TEOll 
c a v i t y .  The  H-atoms a r e   i n t e r r o g a t e d   b y   d r i v i n q  
t h e   t r a d i t i o n a l  1,0 t o  0,O t r a n s i t i o n  wi th an   ex te rna l  
f requency  source  and  compar ing  the  ampl i tude  and/or  
p h a s e   o f   t h e   o u t p u t   s i g n a l   f r o m   t h e   c a v i t y   w i t h   t h e   i n -  
p u t   s i g n a l .  The goal  o f   t h i s   d e s i g n   i s   t o   a c h i e v e  ’:;g 
t e r m   f r e q u e n c y   s t a b i l i t y   o f   b e t t e r   t h a n  1 p a r t  i n  l 0  
f o r  measurement  t imes  from 1 day t o  1 y e a r .   T h i s   i s  
d o n e   b y   i n c r e a s i n g   t h e   c a v i t y   l i n e w i d t h   a n d   d e c r e a s i n g  
the   hyd rogen   resonance   l i new id th   as   compared   t o   t yp i ca l  
v a l u e s   f o r  an o s c i l l a t i n g  maser. 

The p o s s i b i l i t y   o f   s i g n i f i c a n t   s i z e   r e d u c t i o n s  
based on t h e   u s e   o f   s m a l l   d i e l e c t r i c   c a v i t i e s  and  lower 
beam i n t e n s i t i e s ,   a t   l i t t l e   o r  n o   s a c r i f i c e   i n   l o n q  
t e r m   s t a b i l i t y ,   i s   p o i n t e d   o u t .  

A new c a v i t y   c o n t r o l   s e r v o   i s   d e s c r i b e d   w h i c h   a l -  
l o w s   t h e   r a p i d   s t a b i l i z a t i o n   o f   t h e   c a v i t y   r e s o n a n c e  
f r e q u e n c y   t o   b e t t e r   t h a n   i n   i t s   e f f e c t   o f   p u l l i n g  
the  hydrogen  resonance. T_he r e d u c t i o n   o f   o t h e r   s y s t e -  
m a t i c   e f f e c t s   t o   b e l o w   1 0  l 4  f r a c t i o n a l   f r e q u e n c y  un- 
c e r t a i n t y   a n d   i n s t a b i l i t y   i s   d i s c u s s e d ,   i n c l u d i n g   s p i n  
exchange  and  magnet ic   in teract ions.  

INTRODUCTION 

The purpose o f   t h i s  paper i s  t o   d e s c r i b e   t h e   d e s i g n  
and r e p o r t  some p r e l i m i n a r y  measurements  on a new k i n d  
o f   pass i ve   hyd rogen   f requency   s tandard   wh ich  shows 
g r e a t   e r o m i s e   o f   a c h i e v i n g   s t a b i l i t i e s   o f   b e t t e r   t h a n  
1 x 10   fo r   ave rag ing   t imes   f rom  one   day   t o   pe rhaps  
a year .  In a d d i t i o n ,  we hope t o   p r o v e   t h a t   t h e   d e s i g n  
c o n c e p t s   b r o u g h t   f o r t h   i n   t h i s   p a s s i v e  H-maser approach 
a l l o w  one much g r e a t e r   f l e x i b i l i t y  i n  t r a d i n g   v a r i o u s  
p a r a m e t e r s   o f f   a g a i n s t   o n e   a n o t h e r   i n   o r d e r   t o   s a t i s f y  
o t h e r   c r i t e r i a ,   s u c h   a s   t h e   r e d u c t i o n   o f   s i z e   o r  
o f   s e l e c t e d   s y s t e m a t i c   e f f e c t s .  

F o r   t i m e k e e p i n g   a p p l i c a t i o n s   t h e   g o a l   i s   t o   m i n i -  
m i z e   t h e   t i m e   d i s p e r s i o n   o v e r  many days o r  even 
yea rs  [ l ] .  P r e s e n t l y ,   t h e   b e s t   t h a t   c a n  be  done w i t h  
any  f requency  standard,   including  hydrogen  and  cesium 
standards,  i s   s e v e r a l   p a r t s   i n   p e r   y e a r  [23 -- 
t h e   o n l y   p r o b a b l e   e x c e p t i o n s   b e i n g   t h e   p r i m a r y  
cesium  standards.  Requirements i n  n a v i g a t i o n  
( G l o b a l   P o s i t i o n i n g   S y s t e m )   a r e   r o u g h l y   e q u i v a l e n t   t o  
a f r e q u e n c y   s t a b i l i t y   o f  1 x f o r  1 t o  10  days 
[3]. It has  been  the   requ i rement   fo r   very  good l o n g  
t e n   s t a b i l i t y ,   r a t h e r   t h a n   t h e   q u e s t   f o r   a b s o l u t e  
accuracy,   which  mot ivated us t o   l o o k   a t   t h e   p o s s i b i l i -  
t i e s   o f f e r e d   b y   p a s s i v e   h y d r o g e n   d e v i c e s .  

Before  embarking on t h e   a n a l y s i s   o f   s y s t e m a t i c  
e f f e c t s - - t h e   e l i m i n a t i o n   o f   w h i c h   i s   t h e   r e a l   e s s e n c e  
o f  good l o n g   t e r m   s t a b i l i t y - - w e   w a n t   t o   b r i e f l y   d e c r i b e  
a t y p i c a l   a c t i v e   o r   s e l f - o s c i l l a t i n g   h y d r o g e n   m a s e r   a n d  
severa l   pass ive  hydrogen  s tandard  opt ions.  

Hydrogen  f requency   s tandards ,   whether   ac t i ve   o r  
pass ive,   are  based  on  the F = 1, m = 0 t o  F = 0, and 
m = 0 h y p e r f i n e   t r a n s i t i o n   a t   1 4 2 6  MHz i n  the   g round  
$.Fate o f   a t o m i c   h y d r o g e n ,   w h i c h   i s   i l l u s t r a t e d  i n  
F ig .  1 [4,5]. P r o d u c t i o n   a n d   s t a t e   s e l e c t i o n   o f   t h e  

atomic  hydrogen i s   t y p i c a l l y   a c c o m p l i s h e d   v i a   t h e  
scheme shown i n   t h e   l o w e r   p o r t i o n   o f   t h i s   f i g u r e .  The 
s t a t e   s e l e c t i o n  magnet shown i s  a hexapole  but   could  be 
a d i f f e r e n t   c o n f i g u r a t i o n .  

F igu re  2 shows a b l o c k   d i a g r a m   o f  a t y p i c a l   a c t i v e  
hydrogen  maser .   By  ad just ing  var ious  parameters  such  as 
hydrogen beam i n t e n s i t y ,   s t o r a g e   t i m e ,   c a v i t y  Q, etc . ,  
the   energy   rad ia ted   by   the   hydrogen  a toms  can be made t o  
exceed  cav i ty   losses ,   and  the   sys tem  b reaks   in to  
o s c i l l a t i o n .  

The weak s i g n a l   o f  lo - ’ ’  t o  W i s   t h e n   p h a s e  
compared w i t h  a l o c a l   o s c i l l a t o r ,   u s i n g   m u l t i p l i c a t i o n  
and  heterodyne  techniques i n  o r d e r   t o   p r e s e r v e   s i g n a l -  
to -no ise .  The o u t p u t   o f   t h e  phase  comparator i s   t h e n  
used t o   p h a s e - l o c k   t h e   l o c a l   o s c i l l a t o r   t o   t h e   h y d r o g e n  
s i g n a l .   N o t e   t h a t   i n  an act ive  hydrogen  maser no 
microwave  s ignal  i s   i n j e c t e d   i n t o   t h e   c a v i t y .  

Several  passive  hydrogen  frequency  standards  have 
been  proposed i n   t h e   p a s t .  The f i r s t   p a s s i v e   f r e q u e n c y  
s tandard  was proposed  and a p r o t o t y p e   b u i l t   b y  H. H e l l w i g  
i n  1970 [6,7]. A s i m p l i f i e d   b l o c k   d i a g r a m   i s  shown i n  
F i g .  3, which i s   s i m i l a r   t o   F i g .  2 e x c e p t   f o r   t h e  
a d d i t i o n   o f  a s i g n a l   t h a t   i s   i n j e c t e d   i n t o   t h e   c a v i t y  
reg ion .  Phase  comparison o f   t h e   o u t p u t   s i g n a l   w i t h   t h e  
i n p u t   s i g n a l   a l l o w s  one t o   f r e q u e n c y   l o c k   t h e   l o c a l  
o s c i l l a t o r   t o   t h e   h y d r o g e n  phase d i s p e r s i o n   s i g n a l .  
F ig .  4 shows such a hyd rogen   d i spe rs ion   s igna l .  The 
hydrogen  s ignal  was s e p a r a t e d   f r o m   o t h e r   d i s p e r s i v e  
e f f e c t s   b y  squarewave  modulat ing  the H s i g n a l   a t  = 1 Hz 
v ia   hydrogen beam m o d u l a t i o n   o r  Zeeman quenching  and 
d e t e c t i n g   t h e   r e s u l t i n g  phase  modu la t ion   w i th  a = 1 P 
s y n c h r o n o u s   d e t e c t o r .   S t a b i l i t i e s   o f  = 2 x l o - ’ ’  T 
i n  a 30 Hz bandwid th   were   observed  w i th   th is   sys tem [ 7 ] .  
Our p r e s e n t   d e s i g n   i s  an   ou tg rowth   o f   t h i s   work .  
F igu re  5 shows a hydrogen beam t u b e   b u i l t  and t e s t e d   i n  
1971 [ S ] .  Th is  beam t u b e   f e a t u r e d  a l i n e w i d t h   s i m i l a r   t o  
the   ac t i ve   maser   and   de tec t i on   o f   t he   hyd rogen  atoms, 
wh ich   had   undergone   the   app rop r ia te   t rans i t i on .  As we 
will see l a t e r ,   t h i s   a p p r o a c h   v i r t u a l l y   e l i m i n a t e s  
c a v i t y   p u l l i n g .  However, t h e   t h e n   a v a i l a b l e   d e t e c t o r s  
for  thermal  hydrogen  atoms i n  arrangements  which  had 
s u f f i c i e n t l y   n a r r o w   l i n e w i d t h s   h a d   p o o r   s i g n a l - t o - n o i s e ,  
w h i c h   p r e v e n t e d   t h e   a t t a i n m e n t   o f  good s t a b i l i t i e s   i n  a 
reasonab le   t ime.  

H. Peters  proposed  and b u i l t   i n  1971 a beam tube 
w i th   coo led   hydrogen  a toms  no t   us ing   any   s to rage  bu lbs   [g ] .  
T h i s   r e d u c e d   c a v i t y   p u l l i n g  and e l i m i n a t e d   w a l l   s h i f t s  
w h i l e   f e a t u r i n g  good s igna l - to -no ise .  However, t h e   l i n e -  
w i d t h  was much w ider .  

F igu re  6 shows t h e   b l o c k   d i a g r a m   o f   o u r   p r e s e n t l y  
operat ing  pass ive  hydrogen  maser   des ign.  It uses a 
convent iona l  beam system t o  p roduce   t he   s ta te   se lec ted  
atomic  hydrogen. The c a v i t y   i s   o f   s t a n d a r d   s i z e   a n d  
p r e s e n t l y  has a loaded Q o f   a l m o s t  40000. The des ign  
and the   reasons   beh ind  i t  will b e   d i s c u s s e d   i n   d e t a i l  
i n  t h e   c o n t e x t   o f   r e v i e w i n g   v a r i o u s   s y s t e m a t i c   e f f e c t s .  

B a s i c a l l y ,  a 5 MHz o s c i l l a t o r   i s   m u l t i p l i e d  and 
m i x e d   w i t h  a s y n t h e s i z e r   o u t p u t   t o   p r o d u c e   t h e  
hydrogen  resonance  f requency.   Th is   microwave  s ignal  i s  
t h e n   i n j e c t e d   i n t o   t h e   c a v i t y   a n d   a l l o w e d   t o   i n t e r a c t  
w i t h   t h e   c a v i t y   a n d   t h e   h y d r o g e n  atoms.  The o u t p u t  
s i g n a l   i s   t h e n   p r o c e s s e d   i n   o r d e r   t o   f r e q u e n c y   l o c k   t h e  
l o c a l   o s c i l l a t o r   t o   t h e   h y d r o g e n   r e s o n a n c e  and t h e  TEOll 
c a v i t y   r e s o n a n c e   t o   t h e   l o c a l   o s c i l l a t o r .  
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TABLE 1 

DEVICE %AV  QH 

CONVENTIONAL 
ACTIVE  MASER 35,000 1 x lo9 3.5 x 0.4 

PASSIVE  MASERS: 

PRESENT  NBS 
MASER 40,000 5 x lo8 8 x 0.2 

DIELECTRIC 
CAVITY 5,000 2 x 10 2.5 x 5.7 

HIGH-Q  CAVITY 
HIGH-H-Q 40,000 1 x lolo 4 x 3.5 

TABLE 2 - 
H 

SHIELDING 
AwZ ['l lo-" FACTOR T Ext  Field 

1 x 10-8 T 2.7 x HZ 25% 4 x l o4  

1 x T 2 . 7  x HZ 0.25% 4 x lo5 
2 X T 1.1 Hz .0006% 1.6 x lo7 

The  significant  systematic  effects  which  trouble 
hydrogen  frequency  standards are: 
1) Cavity  pulling, 2)  Magnetic  field, 3 )  Crampton 
effect [ lo] ,  4) Second-order  Doppler, 5) Wallshift,  and 
6 )  Spin  exchange. 

Cavity  Pull  inq 

In our  opinion  the  most  serious  limitation  to  long 
term  stability  is  cavity  pulling.  Approximate 
equations [l11 governing  this  effect are: 

W -  v H K(wCAV - 'H) 
2 

DETECTION OF ATOMS 
(FAR  BELOW  OSCILLATION  THRESHOLD) 

DETECTION  OF  rf 
(ALL  MASERS,  ACTIVE & PASSIVE) 

After  looking at the  equations  it  is  easy  to 
understand  the  early  enthusiasm for the  passive  hydro- 
gen  beam  frequency  standards,  which  detected  atoms,  as 
they  virtually  eliminated  cavity  pulling. All of the 
present  devices  sample  the  field  intensity, i.e.,  all 
masers - active  and  passive - suffer  from  cavity  pulling 
which  varies  linearly  with  the  ratio of the  cavity Q 
to  the  line Q, multiplied  by  the  cavity  offset. 

For  a  typical  active  maser  the  cavity  pulling  is 
indicated in Table 1: assuming  a  cavity Q of 35000 and 
a line Q of 1 x lo9 it  is  not  surprising  that  many 

effects  are  capable of shifting  the  frequency  many  parts 
in IO"+.  Note  that  in  order  to  achieve  one  part in 1014 
long  term  stability  the  cavity  must  be  stabilized  to 
3 parts in lolo. Obvious  sources  capable  of  moving  the 
cavity  this  amount  are  cavity  temperature,  bulb  tempera- 
ture,  mechanical  strain,  electrical  changes in the 
cavity  walls,  changes in the  coupling to  the  cavity, 
leakage of radiation  from  the  cavity to  the outside, 
etc.,  all of which  are  likely  to  be  functions of time. 

One of the  primary  reasons  we  have  chosen  this 
passive  approach is that it allows  considerable  flex- 
ibility  to  choose  design  parameters  such  as  cavity Q 
and 1 ine Q in order  to  reduce  cavity  pulling  because 
no oscillation  threshold  conditions  have to  be  met. 

In our  full-sized  cavity  design  we  have  chosen  to 
increase  line Q to  approximately 10'" This will be 
accomplished by decreasing  the  hydrogen  density in the 
bulb  and  increasing  the  storage  time  a  factor  of 10. 
So far, we  have  achieved  a QH of 5 x  lo9.  The  physical 
limit  to  this  approach  is  ultimately  wall  relaxation. 
[l21 This  reduces  the  basic  sensitivity  to  cavity  pulling 
as  well as  the  frequency  shift  and  broadening  due  to 
spin-exchange  collisions by a  factor of 10 and  reduces 
by the  same  factor  the  amount  that  the  servo has  to  split 
resonance  line in order to achieve  a  desired  stability. 
In addition  it  reduces  the  required  beam  intensity  by  a 
factor of l00 which  has  major  implications in terms  of 
future  size  and  weight of passive  hydrogen  frequency 
standards. 

Figures 7 and 8 show  a  model of the  full  sized 
cavity  which  we  are  presently  using.  The  cavity  length 
is adjusted b rotating  the  quartz  barrel  using  a  desiqn 
of R. Vessot  5131.  Note  that 120 degree  rotatio?  chanqes 
the  length by about 1 cm.  The  top  has a choke  flange 
which i s  desisned to  help  suppress  TM  modes in the cavit.y 
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a n d   e l i m i n a t e   r a d i a t i o n   l o s s e s   f r o m   t h e   t o p   o f   t h e  
c a v i t y .  The TM modes a r e   t r o u b l e s o m e   i n   t h a t   t h e y   a r e  
degenera te   w i th  some c o a x i a l   t r a n s m i s s i o n  modes and 
hence  couple  through  the  gaps  around  the  cav i ty   end-  
p l a t e s   t o   t h e   o u t s i d e .  Any change i n   t h e   o u t s i d e  
e n v i r o n m e n t   t h u s   a f f e c t s   t h e  TM modes which  can  then 
p u l l   t h e   d e s i r e d  TEOll c a v i t y  mode. 

F igu re  7 shows a d i e l e c t r i c a l l y   l o a d e d  TEOll 
c a v i t y   w i t h  a Q o f   a p p r o x i m a t e l y  6000 a long  
s i d e   t h e   s t a n d a r d   c a v i t y .  The i n t e r i o r   o f   t h e   d i e l e c -  
t r i c   s h e l l   i s   t h e   s t o r a g e   b u l b .   T h i s   p r o v i d e s  a 
c a v i t y   w h i c h   i s   e x c e p t i o n a l l y   r u g g e d   a n d   v e r y  much 
sma l le r   t han  a s t a n d a r d   c a v i t y .  The c a v i t y   p u l l i n g  
s e n s i t i v i t y   i s   a l s o   s m a l l  because o f   i t s   l o w  Q 
(see  Table l ) .  

Cav i ty   Servo  

I n  a d d i t i o n   t o   d e c r e a s i n g   t h e   i n h e r e n t   s e n s i t i v i t y  
t o  c a v i t y   p u l l i n g ,   t h e   r e s o n a n c e   f r e q u e n c y   o f   t h e  
c a v i t y   c a n  be e a s i l y   l o c k e d   t o   t h e  H resonance  f re -  
quency i n   o u r   p a s s i v e   d e s i g n .  As dep ic ted  i n  F ig .  6, 
t he   s igna l   f rom  the  5 MHz l o c a l   o s c i l l a t o r   i s  phase 
modu la ted ,   mu l t ip l ied ,   and  mixed  to   p roduce a phase 
modulated  1420 MHz c a r r i e r .   A f t e r   t r a n s m i s s i o n   t h r o u g h  
t h e   c a v i t y ,   t h e   1 4 2 0  MHz s i g n a l   c o n t a i n s   a m p l i t u d e  
m o d u l a t i o n   a t   t h e   f u n d a m e n t a l   o f   t h e  phase  modulat ion 
w i t h   i n t e n s i t y  and s i g n   d e t e r m i n e d   b y   t h e   c a v i t y   o f f s e t .  
A f t e r   h e t e r o d y n i n g   t o   2 0  MHz, t h e   s i g n a l  (now pure  
a m p l i t u d e )   i s   p r o c e s s e d   b y  a synch ronous   de tec to r   t o  
c o r r e c t   t h e   c a v i t y   f r e q u e n c y   v i a   t u n i n g   e l e m e n t s   c o n -  
n e c t e d   t o   t h e   c a v i t y   o u t p u t .   U s i n g   1 2 . 5  KHz phase 
modu la t ion  we have  demonst ra ted   tha t   one  can   eas i l y   re -  
duce t h e   c a v i t y   o f f s e t   t o   l e s s   t h a n  5 Hz i n  o n l y  20 
s e c o n d s .   U s i n g   t h e   l a r g e   b u l b   w i t h  a hydrogen l i n e  Q 
o f  5 x l o 9  t o  10” i n   t h e   f u l l   s i z e d   c a v i t y ,  we can 
r e d u c e   t h e   e f f e c t   o f   c a v i t y   p u l l i n g   t o   b e l o w   i n  
about  10  minutes.   Therefore  changes i n   t h e   o u t p u t   f r e -  
quency,  due t o   c a v i t y   p u l l i n g ,   s h o u l d   e a s i l y  be s t a b l e  
t o   p a r t s   i n   1 0 ’  i n  long  te rm  even i n  the   p resence   o f  
e n v i r o n m e n t a l   p e r t u r b a t i o n s ,   d u e   t o   t h e   l o w   s e n s i t i v i t y  
t o   c a v i t y   p u l l i n g  a n d   t h e   h i g h   s i g n a l   t o   n o i s e   w h i c h   p e r -  
m i t s  a c o r r e c t i o n   o f   t h e   c a v i t y   f r e q u e n c y  i n  a t i m e  
r a p i d  compared t o  most  environmental  changes. 

The  12.5 KHz modu la t ion   s idebands  a re   10  dB below 
the  1420 MHz c a r r i e r ;   t h e   m o d u l a t i o n   i s   f a s t  compared t o  
the   hyd rogen   l i new id th   and   t he  Zeeman s e p a r a t i o n   o f  
approx imate ly   140 Hz. The  12.5 KHz sidebands  were 
measured t o   r e m a i n   e q u a l   i n   a m p l i t u d e   t o   a b o u t  
a f t e r   s e v e r a l   m o n t h s   o f   o p e r a t i o n .  No s i g n i f i c a n t  
p e r t u r b a t i o n   t o   t h e   r e s o n a n c e   i t s e l f   o c c u r s   u s i n g   t h i s  
c a v i t y   s t a b i l i z a t i o n   t e c h n i q u e .  

Maqne t i c   F ie lds  

The s h i f t   o f   t h e  resonance  frequency  due t o  a 
magnet ic f i e l d   i s  i n  Hz, H i n  Tesla,  1T = lo4 G) 

AVH = 2.750 x 10 H 
1 1  7 

A n o t h e r   s y s t e m a t i c   e f f e c t   i s  a p e r t u r b a t i o n   d i s -  
cussed  by  Crampton  (Crampton  ef fect)  [lo] which i s  
caused  by  the  presence o f   r a d i a l  rf and  dc  magnetic 
f i e l d  components i n   t h e   s t o r a g e   r e g i o n   c o u p l e d   t o  a 
d i f f e r e n c e   i n   t h e   p o p u l a t i o n s  and pl,-l o f  

the  1, l   and 1 ,-l s t a t e s  due t o   t h e   s t a t e   s e l e c t i o n  
p r o c e s s .   T h i s   f r e q u e n c y   s h i f t  AvCE i s   g i v e n   b y  

where yH i s   t h e   r e l a x a t i o n   r a t e  due t o   s p i n  exchange 

and T~ i s   t h e   a v e r a g e   t i m e   f o r  a hydrogen  atom t o   c r o s s  

t h e   b u l b .  K i s  2 X 10” HZ /T, s u b s c r i p t s  r and z des- 

i g n a t e   r a d i a l  and a x i a l  components o f   t h e   m a g n e t i c   f i e l d s .  

One way t o   s u b s t a n t i a l l y   r e d u c e   t h i s   e f f e c t   i s   t o  
o p e r a t e   a t   f i e l d s   o f  2 x 10-6  Tesla(2O m i l l i g a u s s )  
where t h e  wz T~ term  reduces  the  e f fect   by  more  than 100. 

Table 2 shows t h e   r e l a t i o n s h i p   b e t w e e n   m a g n e t i c   f i e l d  
a n d   r e q u i r e d   m a g n e t i c   f i e l d   s t a b i l i t y  and s h i e l d i n g  
f a c t o r   i n   o r d e r   t o   a c h i e v e  a f r a c t i o n a l   f r e q u e n c y  
s t a b i l i t y   o f  1 x lo-”,  we see t h a t   t h i s   s o l u t i o n   i s  
u n a c c e p t a b l e   f o r   a c h i e v i n g   l o n g   t e r m   s t a b i l i t y ,  as i t  
r e q u i r e _ s l a   s t a b i l i t y   o f   r e s i d u a l   m a g n e t i c   f i e l d s   o f  
1 x 10 T (0.1 VG) which i s   v e r y   d i f f i c u l t  and may 
e v e n   e x c e e d   t h e   l o n g   t e r m   s t a b i l i t y   o f   r e s i d u a l  mag- 
n e t i z a t i o n   o f   p r e s e n t l y   a v a i l a b l e   m a g n e t i c   s h i e l d i n g  

Our s o l u t i o n   t o   t h i s   p r o b l e m   i s   t o   o p e r a t e   a t  a 
v e r y   l o w   s p i n   e x c h a n g e   r e l a x a t i o n   r a t e ,   w h i c h   i s  
necessary anyway t o   a c h i e v e   t h e   d e s i r e d   l i n e  Q o f  10”. 
T h i s   g r e a t l y   r e d u c e s   t h e   C r a m p t o n   s h i f t .  I f  necessary, 
f u r t h e r   r e d u c t i o n  will be  accompl ished  by  equal iz ing 
the   1 , l   and   the   1 , - l   popu la t ions   us ing  a dc neck c o i l ;  
t h i s  we have  a l ready  demonstrated  on  our   present   dev ice.  
The use o f  p o p u l a t i o n   m i x i n g   t o   r e d u c e   t h e  Crampton 
e f f e c t   r e d u c e s   t h e   s i g n a l   b y   a b o u t  33%. A more  elegant 
scheme i s   t o  use   doub le   s ta te   se lec t ion ,   wh ich   removes 
bo th   t he   1 , l   and   1 , - l   s ta tes  [14].  Double s t a t e  
s e l e c t i o n   w o u l d   i n c r e a s e   t h e   s i g n a l  a f a c t o r   o f  3, 
f o r   t h e  same s p i n  exchange r a t e ,   o v e r   t h e   s t a t e   m i x i n g  
method  and, i n   p r i n c i p l e ,   t o t a l l y   e l i m i n a t e   t h e  
Crampton e f f e c t .   T h i s   i s  more f e a s i b l e   w i t h   t h e   p a s s i v e  
system  than i n  an act ive  maser   because  o f   the  reduced 
requi rements  on beam in tens i t y .   Ano the r   app roach  
t o   r e d u c e   t h i s   e f f e c t   i s   v i a   c a r e f u l   c e n t e r i n g   o f   t h e  
s t o r a g e   b u l b .   T h i s   i s   d i f f i c u l t   i n  a s tandard  des ign 
b e c a u s e   t h e   s t o r a g e   b u l b s   a r e   u s u a l l y   n o t   p e r f e c t l y  
symnet r ic .  I n  o u r   s m a l l   d i e l e c t r i c   c a v i t y   d e s i g n   t h e  
s t o r a g e   b u l b   i s   t h e   i n s i d e   o f   t h e   d i e l e c t i c   s h e l l  
and  can be e a s i l y   m a c h i n e d   t o   b e   s y m m e t r i c   t o   b e t t e r  
than 1%. Th is   a lone  shou ld   be   enough  to   g rea t ly  
r e d u c e   t h e   e f f e c t .  

Second Order  Doppler 

where the  average i s  o v e r   t h e   e n t i r e   s t o r a g e   b u l b .  
The average  magnetic f i e l d   i s  measured v i a   t h e  
Zeeman e f f e c t  vz = 1.4 x 10” H. T h e r e f o r e   t h e   s h i f t  

t e r m   s h o u l d   b e   w r i t t e n   a s  

AvH = 2.75 x 101’[Hz+ hH ’ ]  
- 

where AH“ i s   t h e  mean s q u a r e d   f i e l d   d e v i a t i o n   f r o m   t h e  
average  over   the   bu lb   as   measured  v ia  uz. I n   o r d e r   t o  keep 

t h e   o f f s e t   d u e   t o   l e s s   t h a n   t h i s   t e r m   m u s t  

be  kept  below  (7 x T)’ o r  (70  uG)’, which i s  

r e l a t i v e l y   e a s y   a t   m a g n e t i c   f i e l d s   b e l o w  lO-’T (l mG) s t a b l e   t o   p a r t s   i n  1013 per   yea r .   On ly   f u r the r   work  
(see  Tab le   2 ) .  

Wall Sh i f t  

The w a l l   s h i f t   i s   a b o u t  3 x lo - ”  f o r  a 15 cm bu lb .  
H. P e t e r s   [ l 5 1  has shown t h a t   t h e   w a l l  s h i f t  i s   a t   l e a s t  
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The  second o r d e r   D o p p l e r   s h i f t   i s  1.3 x 
per   degree  Ke lv in   fo r   a tomic   hydrogen.   Th is  means t h a t  
t h e   t e m p e r a t u r e   n e e d s   t o   b e   s t a b l e   t o   o n l y  0.07 K i n -  
o r d e r   t o   m a i n t a i n  an u n c e r t a i n t y   o f   l e s s   t h a n  1 x 10 1 4 .  
I n   o u r   p r e s e n t   d e s i g n   t h e   t e m p e r a t u r e   i s   s t a b l e   t o   a b o u t  
0.01 K p e r  day, u s i n g   o n l y   t h e   o u t s i d e   o v e n .   E v e n t u a l l y  
b o t h   t h e   i n n e r  and outer   oven will be  used. It appears 
r e l a t i v e l y   e a s y   t o   o b t a i n   t e m p e r a t u r e   s t a b i l i t i e s  o f  
0.01 K per   year .  



us ing   be t te r   t ime  sca les   wh ich   shou ld   inc lude  hydrogen 
standards will r e v e a l   t h e   t i m e   s t a b i l i t y   o f   t h i s   s h i f t .  
The measurements o f  Crampton [ l 6 1  on s p i n  exchange i n -  
d i c a t e   t h a t   s h i f t s  due t o  paramagnetic  gasses i n   t h e  
b u l b   r e g i o n   c o u l d  be  very   impor tant .  As a consequence 
t h e   s t a b i l i t y   o f   t h e   w a l l   s h i f t  may be   in f luenced  by  
c l e a n l i n e s s   a n d   b y   t h e   s t a b i l i t y   o f   t h e   b a c k g r o u n d  
p r e s s u r e .   P r e p a r a t i o n   o f   t h e   s t o r a g e   b u l b   p r i o r   t o  
c o a t i n g ,   c o a t i n g   m a t e r i a l ,  method o f   c o a t i n g ,  and  even 
bu lb   ope ra t i ng   t empera tu re  may a l s o   b e   i m p o r t a n t   a t  
t h e  1 x l e v e l .  Much work  remains t o  be  done i n  
t h i s   a r e a   f o r   a l l   t y p e s   o f   h y d r o g e n   s t o r a g e   d e v i c e s .  

Spin  Exchanqe 

The presence o f   a p p r e c i a b l e   h y d r o g e n   d e n s i t y   i n  
t h e   s t o r a g e   b u l b ,   w h i c h   i s   d e s i r a b l e   f o r   s t r o n g   s i g n a l s ,  
causes a f requency   b roaden ing   and  sh i f t   because  the  
h y p e r f i n e   f r e q u e n c y   i s   p e r t u r b e d   d u r i n g   c o l l i s i o n s .  
The s p i n  exchange c o n t r i b u t i o n   t o   t h e   l i n e w i d t h   i s  
t y p i c a l l y  a f r a c t i o n   o f  a Hz [ l71  and  uncompensated 
f r e q u e n c y   p u l l i n g   i s   o f   t h e   o r d e r   o f   p e r c e n t s   o f   t h e  
b r o a d e n i n g ,   i . e . ,   f r a c t i o n a l l y ,   p a r t s   i n  10" f o r  
t y p i c a l   a c t i v e  maser  operat ion.  

I n   v i r t u a l l y   a l l   a c t i v e  maser  designs,spin  ex- 
change  broadening i s  compensated f o r   b y   c a v i t y   p u l l i n g  
[18].  The r e s i d u a l   f r e q u e n c y   o f f s e t   c a n   t h e n   b e  
subs tan t i a l l y   reduced .   Th i s   sp in   exchange   tun ing  
r e q u i r e s  beam i n t e n s i t y   m o d u l a t i o n s   a n d   a n   a u x i l i a r y  
f requency   s tandard   (another  H-maser  had t o  be  used t o  
a c h i e v e   e x c e l l e n t   s t a b i l i t y   o v e r  many days  [19,20]). 

I n  o u r   f u l l   s i z e   c a v i t y   d e s i g n   t h e   s p i n - e x c h a n g e  
f r e q u e n c y   s h i f t  will be  reduced t o  about 3 x by 
a t e n f o l d   r e d u c t i o n   i n   h y d r o g e n   d e n s i t y  i n  t h e   b u l b .  
Th is   pe rm i t s  a t e n f o l d   i m p r o v e m e n t   i n   l i n e  Q wh ich   re -  
d u c e s   c a v i t y   p u l l i n g   a n d   r e l a x e s   r e q u i r e m e n t s  on t h e  
s e r v o .   I n   o r d e r   t o   m a i n t a i n  1 x 1O- l "   f requency  s tab-  
i l i t y  t h e   h y d r o g e n   d e n s i t y   m u s t   b e   s t a b i l i z e d   t o   a b o u t  
3%. T h i s   i s   p r e s e n t l y   b e i n g  done b y   s t a b i l i z i n g   t h e  
rf discharge  power  and  hydrogen  pressure i n  t h e   d i s -  
c h a r g e   b u l b .   A d d i t i o n a l l y ,  we p l a n   t o   m o n i t o r   t h e  
a m p l i t u d e   o f   t h e  second  harmonic o f   t h e  0.1 Hz hydro- 
gen  modulat ion s i   n a l   u s i n g  i t  as a d i a g n o s t i c   t o o l  
( s e e   n e x t   s e c t i o n l .  

The pass ive  maser   could  be  sp in   exchange  tuned  v ia  
beam modu la t ion   as  i n  a conventional  maser;  however, 
amp l i t ude   modu la t i on   o f   t he   m ic rowave   s igna l  
will a c c o m p l i s h   v i r t u a l l y   t h e  same r e s u l t   w i t h o u t   a n y  
beam m o d u l a t i o n .   T h i s   u t i l i z e s   t h e  dependence  of 
hydrogen l i n e  Q on t h e   t r a n s i t i o n   p r o b a b i l i t y   w h i c h  
depends  on  the  microwave  power. Of  course, t h i s  
techn ique .w i  I I r e q u i r e  a c a r e f u  I e l i m i n a t i o n   o f   a m p l i -  
t u d e   t o   f r e q u e n c y   c o n v e r s i o n   i n   t h e   e l e c t r o n i c s .  

Hydrogen  L ine  Servo 

F i g u r e  6 shows t h a t   t h e   s i g n a l   f r o m   t h e  5 MHz 
l o c a l   o s c i l l a t o r   i s   n o t   o n l y  phase  modulated a t  
12.5 KHz b u t   a l s o   a t  a l o w   f r e q u e n c y   o f   a b o u t  0.1 Hz. 
This   causes  the  1420 MHz c a r r i e r   t o  be  phase  modulated 
a t  0.1 Hz. A f t e r   i n t e r a c t i n g   w i t h   t h e   h y d r o g e n  atoms 
i n   t h e   c a v i t y ,   t h e   1 4 2 0  MHz s igna l   con ta ins   amp l i t ude  
m o d u l a t i o n   a t  0.1 Hz w i t h   t h e   i n t e n s i t y  and sign 
determined  by   the   f requency   d i f fe rence  be tween  the  
i n j e c t e d   s i g n a l   a n d   t h e   r e s o n a n c e   f r e q u e n c y   o f   t h e  
hydrogen  atoms. The ampl i tude  modu la t ion  i s   d e t e c t e d  
a f t e r   h e t e r o d y n i n g   t h e   1 4 2 0  MHz s i g n a l   t o   2 0  MHz and 
pass ing  i t  through a narrow  band f i l t e r   i n   o r d e r  
t o   p r e s e r v e   s i g n a l - t o - n o i s e .  A synchronous  detector  
c o n v e r t s   t h i s   s i g n a l   i n t o  a d c   v o l t a g e   f o r   c o r r e c t i n g  
t h e   f r e q u e n c y   o f   t h e   l o c a l   o s c i l l a t o r .   D i s p e r s i o n  
e f f e c t s  i n  t h e   r e s t   o f   t h e   e l e c t r o n i c s   a r e   n e g l i g i b l y  
smal l   over  a band o f  0.1 Hz. 

P r e l i m i n a r y  measurements w i t h  a 15 cm b u l b   w i t h  a 
l i n e w i d t h   o f   a p p r o x i m a t e l y  3 Hz and a c a v i t y   o f  40,000 
y i e l d  a one  second s t a b i l i t y   o f  8 x l o - ' '  which 
i m p r o v e s   a s   t h e   s q u a r e   r o o t   o f   t i m e   a t   l e a s t   o u t   t o  
1800  seconds.  These  measurements a re   ve ry   impor tan t  
because w i t h  a l i n e w i d t h   o f  3 Hz, t h e   s t a n d a r d   i s  
1 0   t o  20 t imes   more   sens i t i ve   t o   mos t   sys temat i c  
e f f e c t s   t h a n   o u r  new sys tem  p resent ly   under  
c o n s t r u c t i o n .  It will f e a t u r e  a c y l i n d r i c a l   b u l b  
o f   1 8  cm diameter  and 20 cm h e i g h t .   T e s t s   o f   t h i s  
bu lb  i n  a d i f f e r e n t  maser y i e l d  an  increase i n  l i n e  Q 
o f   n e a r l y   1 0  and a s igna l - to -no ise   about   10   t imes 
la rge r   t han   p resen t l y   ach ieved   ( see   F ig .  9 ) .  

We t h e r e f o r e   e x p e c t   t o   a c h i e  a s h o r t   t e r m  
s t a b i l i t y  of U (T) L 1 x These r e s u l t s  

coupled  wi th  measurements  reported  above on t h e  
r e d u c t i o n   o f   c a v i t y   p u l l i n g ,   i n d i c a t e   t h a t   t h e   f u l l  
s i z e   p a s s i v e   h y d r o g e n   m a s e r   j u s t   d e s c r i b e d   i s   c a p a b l e  
o f   a c h i e v i n g  a f r e q u e n c y   s t a b i l i t y   o f   b e t t e r   t h a n  
1 x f rom 1 day t o  perhaps a year .  

Y 

We a l s o   b e l i e v e   t h a t  it i s   p o s s i b l e   t o   a c h i e v e  
s t a b i l i t i e s   v e r y   c l o s e   t o   t h i s   l e v e l  i n  a pass ive  
maser  measur ing  approximately  16" i n   d i a m e t e r  and 
30" l o n g   u s i n g   t h e   s m a l l   d i e l e c t r i c   c a v i t y .  

A l so  i t  s h o u l d   b e   n o t e d   t h a t   t h e   a b i l i t y   t o  
r e d u c e   c a v i t y   p u l l i n g   i n d e p e n d e n t l y  t o  1 x t o  
be s p i n  exchanged  tuned  via  microwave  ampli tude modu- 
l a t i o n  as w e l l  as beam i n t e n s i t y   m o d u l a t i o n ,  and t h e  
a b i l i t y   t o   o p e r a t e   o v e r  more  than  an  order  of   magni-  
tude  change i n  hydrogen  dens i ty  makes the   pass ive  
masser a p o w e r f u l   t o o l   f o r   i n v e s t i g a t i n g   s y s t e m a t i c  
e f fec ts   and  phys ica l   p rocesses .  
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HIGH Q CAVITY d 

I h,. .$ 

Fig. 1 Top Atomic hydrogen hyperfine ground S t a t e  
energy  levels   in  an applied 
magnet ic   f ie ld .  

Bottom Schematic o f  system t y p i c a l l y  used t o  
c rea te  and s t a t e   s e l ec t   a tomic  hydrogen 
f o r  use i n  hydrogen  frequency  standards. 

W 
H BEAM t b  I 

V 
1 4 2 0  

2 0  MHz 

Fig. 2 Simplified  block  diagram  of an a c t i v e  
hydrogen  maser  frequency  standard. 

Fig. 3 Simplified  block  diagram o f  passive hydrogen Fig. 4 Dispersion  signal  appearing a t   t he   ou tpu t  of 
maser  frequency  standard u s i n g  dispers ion the  20 MHz phase sens i t i ve   de t ec to r  o f  F i g .  3 
locking [6,7]. as   the   in te r roga t ion   f requency   i s  swept 

through  the hydrogen resonance. 
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5.000.000 MHz 
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H E X A P O L I   M A b N E l  D L V O L i  MACNET 

SlORACf BULI  

M L C R O Y A I E   C A V l l l  

Fig.  5 Schematic o f  the  hydrogen beam storage  dev ice [ 8 ] .  

I 1420 MHz CAVITY 

L 
t =.l Hz DETECTOR 
I I 

F i g .  6 Block  diagram o f  our  present  passive  hydrogen maser frequency  standard. 
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F i g .  7 Photograph o f   s m a l l  TE d i e l e c t r i c   c a v i t y  
a l o n g   s i d e  a model f u l p ’ i i z e d  TE 1420 MHz 
c a v i t y .   B a r r e l   o f   a c t u a l   c a v i t y   Y i ’ q u a r t z  
and  ends a r e  aluminum. 

F i g .  8 B a r r e l  and t o p  end  cap o f  f u l l   s i z e d  TE 
1420 MHz c a v i t y .   C a v i t y   l e n g t h   i s   a d j u s q i i  
b y   r o t a t i n g   t h e   b a r r e l .  See F ig .  7. Note 
choke   on   t op   f l ange   wh ich   i s   used  t o  
separate  and  suppress  the TM c a v i t y  modes. 

F ig .  9 ( l e f t   t o   r i g h t )  Photograph o f  18 cm d ia .  
x 20 cm h i g h   s t o r a g e   b u l b ,   d i e l e c t r i c  
cav i ty ,   and 15 cm d ia.s torage  bu lb.  


